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Abstract 

A  new  scheme  for  radar  detection  and  discrimination,  the  radar  waveform 
synthesis  method,  is  investigated.  This  scheme  consists  of  synthesizing 
the  aspect- independent,  incident  radar  signal  which  excites  the  target  in 
such  a  way  that  the  return  radar  signal  contains  only  a  single  natural  mode 
of  the  target  in  the  late-time  period.  When  the  synthesized  incident  signal 
for  a  preselected  target  is  applied  to  a  wrong  target,  the  return  signal  will 
be  significantly  different  from  the  expected  natural  mode,  thus,  the  wrong 
target  can  be  discriminated. 

An  alternative  scheme  is  also  developed  to  extract  the  single-mode  return 
signal  by  convolving,  using  a  computer,  the  required  incident  radar  signal  for 
the  single-mode  excitation  with  a  return  radar  signal  from  the  target  excited 
by  an  arbitrary  incident  radar  signal. 

A  study  on  the  synthesis  of  the  K-pulse  has  been  initiated.  The  progress 
on  the  experimental  setup  and  study  is  reported. 


1.  Introduction 

The  purpose  of  this  research  is  to  develop  a  new  scheme  of  radar  detection 
and  discrimination.  This  scheme  consists  of  synthesizing  the  aspect- independent, 
incident  radar  signal  which  excites  the  target  in  such  a  way  that  the  return 
radar  signal  contains  only  a  single  natural  mode  of  the  target  in  the  late¬ 
time  period.  When  the  synthesized  incident  signal  for  a  preselected  target 
is  applied  to  a  wrong  target,  the  return  signal  will  be  significantly  different 
from  the  expected  natural  mode,  thus,  the  wrong  target  can  be  discriminated. 

So  far  we  have  demonstrated  the  feasibility  of  this  scheme  for  the  wire 
target,  the  spherical  target  and  the  infinite-cylinder  target.  In  each  case, 
the  required  incident  radar  signals  for  various  single-mode  excitations  were 
synthesized,  and  the  return  signals  from  the  right  target  and  wrong  targets 
were  obtained.  We  are  in  the  process  of  analyzing  the  targets  of  two  coupled- 
wires  and  an  aircraft  modeled  with  cylindrical  elements. 

One  major  progress  was  made  during  the  course  of  our  study.  We  have 
developed  an  alternative  scheme  of  obtaining  the  single-mode  return  signal 
by  convolving,  using  a  computer,  the  required  incident  radar  signal  for  the 
single-mode  excitation  with  a  return  radar  signal  from  the  target  excited  by 
an  arbitrary  incident  radar  signal.  This  finding  is  significant  because 
with  this  alternative  scheme,  it  will  not  be  necessary  to  generate  and  radiate 
the  required  incident  radar  signals  for  the  single-mode  excitation,  which  have 
quite  complicated  waveforms  in  some  cases.  Now,  the  required  incident  radar 
signals  for  the  single-mode  excitations  are  theoretically  synthesized  and 
stored  in  the  computer.  When  these  signals  were  convolved  with  the  return 
signals  from  the  targets  illuminated  by  some  convenient  radar  signals,  the 
return  signal  from  the  right  target  produces  a  single  natural  mode  output 
while  that  from  the  wrong  target  will  not  yield  the  expected  natural  mode. 

To  test  this  alternative  scheme,  and  before  we  produce  our  own  experimental 


results,  some  of  experimental  results  on  a  spherical  target  supplied  by  Dr. 

Bruce  Hollman  were  used  for  testing. 

Recently  we  have  also  initiated  the  study  on  the  K-pulse  which  is  an 
aspect-independent  incident  radar  signal  which  excites  a  target  in  such  a  way 
that  it  produces  a  return  signal  with  zero  late-time  response. 

We  have  also  made  good  progress  in  the  construction  of  the  experimental 
setup  and  some  preliminary  results  are  discussed  here. 

2.  Excitation  of  Single-Mode  Backscatters  with  Synthesized  Radar  Signals 

So  far  we  have  found  that  (1)  for  any  radar  target,  there  exists  a  unique, 
aspect  independent  waveform  for  the  incident  radar  signal  which  can  excite 
the  target  in  such  a  way  that  the  return  signal  from  the  target  contains  only 
a  single  natural  mode  of  the  target  in  its  late-time  period,  (2)  for  a 
slender  target,  the  required  incident  signal  for  the  single-mode  excitation 
has  a  simple  waveform  consisting  mainly  of  a  single-mode,  while  that  for  a  fat  tar¬ 
get  has  a  complicated  waveform  and  composed  of  many  natural  modes,  and  (3)  when 
the  synthesized  incident  signal  for  exciting  a  particular  natural  mode  of  a 
preselected  target  is  applied  to  a  wrong  target,  the  return  signal  will  be 
significantly  different  from  that  of  the  expected  natural  mode,  thus,  the 
wrong  target  can  be  discriminated.  Examples  are  given  to  explain  these  results. 

Consider  a  wire  target  of  length  L  and  radius  a  such  as  shown  in  Figure  1. 

The  aspect  independent,  required  incident  signals  for  exciting  the  first,  the 
second  and  the  third  natural  mode  of  the  target  in  the  late-time  period  of  the 

return  signal  are  shown  in  Figure  2.  These  waveforms  have  a  duration  of 

t  =2.16  (L/c)  and  consist  mainly  of  the  natural  modes  which  are  to  be  excited 
e 

In  the  return  signals.  To  show  that  these  required  incident  signals  are  aspect 
Independent,  a  numerical  example  is  given.  Figure  3  shows  the  return  signals 
from  the  target  oriented  at  various  aspect  angles,  8  *  15°,  45°,  60°,  and  89°, 
when  the  target  is  Illuminated  by  the  incident  signal  which  is  synthesized 
for  the  first-mode  excitation.  It  is  observed  that  the  return  signal  for  each 


case  of  aspect  angle  remains  that  of  the  first  natural  mode,  even  though  the 
amplitude  and  the  phase  angle  vary  with  the  aspect  angle. 

Figure  4  is  used  to  demonstrate  the  capability  of  target  discrimination 
possessed  by  this  scheme.  This  figure  shows  the  return  signals  from  three 
targets,  the  right  target  (wire),  a  wire  5%  longer  than  the  right  target  and  a 
wire  20%  longer,  when  they  are  illuminated  at  30°  aspect  angle  by  the  incident 
signal  which  is  synthesized  for  exciting  the  first  natural  mode  of  the  right 
target.  It  is  observed  in  Figure  4  that  the  return  signal  from  the  right  tar¬ 
get  is  a  pure  first  natural  mode;  that  from  the  5%  longer  displays  a  slightly 
distorted  waveform  and  a  shifted  frequency  from  that  of  the  first  natural  mode 
of  the  right  target;  and  that  from  the  20%  longer  target  shows  an  irregular 
waveform.  Based  on  these  return  signals,  it  is  easy  to  discriminate  the  wrong 
target  from  the  right  target.  More  information  on  this  subject  for  a  wire  tar¬ 
get  is  available  elsewhere  [1]. 

Next,  let's  consider  a  fat  target  such  as  a  sphere  of  radius  as  shown  in 
Figure  5.  The  required  incident  signals  for  exciting  various  single-mode  back- 
scatters  and  resulting  single-mode  return  signals  are  shown  in  Figures  6  and 
7.  Figure  6  shows  the  required  incident  signal  for  exciting  the  first-mode 
backscatter  and  the  return  signal  which  indeed  shows  the  first  natural  mode 
in  the  late-time  period.  The  duration  of  the  required  incident  signal  is  set 

to  be  one  period  of  the  first  natural  mode,  Tg  =  7.26  (a/c).  The  waveform  of 
the  required  incident  signal  is  found  to  contain  a  rapidly  oscillatory  com¬ 
ponent  in  the  initial  stage.  However,  the  return  signal  contains  only  the 
much  slower  varying,  first  natural  mode  in  the  late-time  period.  This  phe¬ 
nomenon  is  different  from  the  case  of  a  thin  wire  where  the  required  incident 
signal  for  single-mode  excitation  consists  mainly  of  the  wanted  natural  mode. 
The  reason  is  that  the  natural  modes  of  a  thin  wire  are  nearly  orthogonal 
while  that  of  a  sphere  are  not  orthogonal  due  to  their  large  damping  coeffi- 
ient 


c 


s. 


Figure  7  shows  the  required  incident  signal  for  exciting  the  third-mode 
backscatter  and  the  return  signal  which  contains  only  the  third  natural  mode 
in  the  late-time  period.  The  required  incident  signal  has  a  duration  of  one 
period  of  the  first  natural  mode,  and  its  waveform  consists  of  a  rapidly 
oscillatory  component  superimposed  on  a  slowly  varying  component.  The  return 
signal  displays  a  pure  third  natural  mode  in  its  late-time  period. 

These  two  examples  show  that  the  required  incident  signal  for  exciting 
a  single-mode  backscatter  from  a  fat  target  has  a  complicated  waveform  and 
composed  of  many  natural  modes.  In  fact,  21  natural  mode  of  appropriate 
amplitude  and  phase  angles  were  needed  to  construct  the  required  incident 
signals  for  the  first  and  the  third  mode  excitation  as  that  shown  in  Figures 
6  and  7. 

To  show  the  capability  of  target  discrimination  of  this  method,  a 
numerical  example  is  given  in  Figure  8.  Figure  8  shows  the  return  signals 
from  two  spheres,  the  right  sphere  and  a  wrong  sphere  which  radius  is  10% 
smaller  than  that  of  the  right  sphere,  when  they  are  illuminated  by  the  re¬ 
quired  incident  signal  for  exciting  the  third-mode  backscatter  from  the 
right  sphere.  It  is  observed  that  the  return  signal  from  the  right  sphere 

is  a  pure  third  natural  mode  while  that  from  the  wrong  sphere  exhibits  an 
irregular  waveform.  From  this  example,  it  is  evident  that  the  wrong  target 

can  be  discriminated  from  the  right  target  if  the  incident  signal  is  properly 
synthesized  for  single-mode  excitation.  More  information  on  this  subject  con¬ 
cerning  a  spherical  target  is  available  [2]. 

Observing  from  the  results  of  a  fat  target,  it  may  be  difficult  to  apply 
the  radar  waveform  synthesis  method  to  a  fat  target  because  of  the  complexity 
of  the  required  incident  signal  for  the  single-mode  excitation.  The  complex 
waveforms  such  as  that  shown  in  Figures  6  and  7  may  be  difficult  to  generate 
and  radiate  without  distortion.  To  overcome  this  difficulty,  an  alternative 
scheme  which  should  be  useful  in  practice  is  discussed  in  Section  3. 
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3.  Extraction  of  Single-Mode  Backscatters  from  Arbitrary  Radar  Returns 

Using  Synthesized  Radar  Signals 

To  avoid  the  necessity  of  generating  and  radiating  those  complex  required 
incident  signals  for  the  single-mode  excitations,  we  have  developed  an  alter¬ 
native  scheme  of  obtaining  the  single-mode  backscatters  by  convolving,  using 
a  computer,  the  required  incident  signal  for  the  single-mode  excitation  with 
a  return  radar  signal  from  the  target  which  is  excited  by  an  arbitrary  in¬ 
cident  radar  signal.  The  principle  of  this  scheme  is  explained  below. 

Let's  consider  the  two  equivalent  schemes  for  the  target  discrimination 
as  depicted  in  Figure  9.  The  scheme  in  the  left  is  the  original  radar  wave¬ 
form  synthesis  method:  It  sends  out  the  required  incident  radar  signal  which 
is  synthesized  for  the  single-mode  excitation,  to  the  target.  The  right  tar¬ 
get  will  give  a  single-mode  return  signal  but  the  wrong  target  will  not.  The 
scheme  shown  in  the  right  is  the  alternative  scheme:  The  required  incident 
signal  for  the  single-mode  excitation  is  synthesized  and  stored  in  a  computer. 
An  incident  radar  signal  with  some  convenient  waveform  is  sent  to  the  target, 

which  will  give  a  return  signal  with  an  irregular  waveform.  The  return  signal 
is  fed  into  the  computer  and  is  convolved  with  that  required  incident  signal 

stored  in  the  computer.  The  output  signal  after  the  convolution  will  display 
a  single  natural  mode  of  the  target  (a  pure  damped  sinusoid)  if  the  target  is 
the  right  target;  the  return  signal  from  the  wrong  target  will  not  produce  the 
expected  natural  mode  after  the  convolution. 

These  two  schemes  shown  in  Figure  9  are  completely  equivalent.  However, 
the  alternative  scheme  has  the  advantage  of  not  generating  and  radiating  the 
required  incident  signal  for  the  single-mode  excitation;  it  is  stored  in  the 
computer.  Another  advantage  for  the  alternative  scheme  is  that  we  can  use 
any  convenient  existing  radar  pulse  to  illuminate  the  target  as  long  as  it 
produces  a  return  signal  which  contains  all  the  wanted  natural  modes  of  the 
target  in  its  late-time  response. 


To  test  this  alternative  scheme,  and  before  we  produce  our  own  experimental 
results,  some  of  experimental  results  on  a  spherical  target  supplied  by  Dr. 

Bruce  Hollmann  were  used  for  the  testing.  We  have  used  the  bistatic  response 
of  Hollmann's  5  inch  (diameter)  sphere  because  this  sphere  had  the  least  de¬ 
formation.  The  radar  return  used  in  the  convolution  is  his  bistatic  response 
minus  the  clutter  and  is  shown  in  Fig.  10.  This  radar  return  still  contains 
a  great  deal  of  clutter  and  noise  especially  in  the  late-time  period.  The  re¬ 
quired  radar  signals  for  the  first-mode  excitation  and  the  third-mode  excita¬ 
tion  are  those  shown  in  Figures  6  and  7,  respectively.  It  is  noted  that  those 
required  radar  signals  were  synthesized  for  exciting  single-mode  backscatters, 
and  they  may  not  be  accurate  for  the  bistatic  response.  However,  even  with 
these  two  discrepancies,  using  the  contaminated  bistatic  response  and  the  re¬ 
quired  radar  signals  for  exciting  single-mode  backscatters,  we  have  produced 
quite  encouraging  results  as  shown  in  Figures  11  and  12.  Figure  11  shows  the 

output  signal  produced  by  convolving  the  bistatic  response  of  Figure  10  with 
the  required  radar  signal  for  the  first-mode  excitation  as  shown  in  Figure  6. 

It  is  observed  that  the  first  natural  mode  is  distinctly  produced  even  though 
there  are  some  noise  present.  This  noise  is  expected  since  it  is  present  in 
the  bistatic  response  of  Figure  10.  Figure  12  shows  the  output  signal  produced 
by  convolving  the  bistatic  response  of  Figure  10  with  the  required  radar 
signal  for  the  third-mode  excitation  as  shown  in  Figure  7.  Again,  the  third 
natural  mode  is  distinctly  produced  in  the  presence  of  some  noise.  We  have 
also  observed  that  if  the  radar  returns  of  other  targets  were  convolved  with 
the  required  radar  signals  of  Figures  6  and  7,  the  output  signals  become 
quite  different  from  those  natural  modes  shown  in  Figures  11  and  12. 

These  results  are  very  preliminary,  and  we  will  make  major  efforts  in 
pursuing  this  alternative  scheme  in  the  future. 
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4.  Theory  for  Extraction  of  Single-Mode  Backscatters  from  Arbitrary 
Radar  Returns  Using  Synthesized  Radar  Signals 

A  simple  theory  behind  the  scheme  of  extracting  the  single-mode  back¬ 
scatters  from  arbitrary  radar  returns  using  synthesized  radar  signals  is  pre¬ 
sented  in  this  section. 

Assuming  that  the  late-time  response  of  an  arbitrary  radar  return  is 
available  from  the  measurement,  and  it  consists  of  the  sum  of  natural  modes 
of  the  target  as  follows: 

Er(t)  =  r£  a  (9)  e°nt  ♦  ♦„<*»]  U(t>  0) 

n=l  n 

where  E  (t)  is  the  radar  return,  t=0  is  some  reference  time  point  in  the  late¬ 
time  period,  an(e)  and  <f>n(e)  are  the  aspect  dependent  amplitude  and  phase 
angle  of  the  nth  mode,  an  and  oin  are  the  aspect-independent  damping  factor 
and  frequency  of  the  nth  natural  mode,  U(t)  is  the  step  function,  and  N  is 
the  number  of  the  natural  modes  to  be  considered.  Theoretically  N  should  be 
infinite  but  in  practice  it  is  finite  because  usual  incident  and  return  radar 
signals  are  frequency  limited. 

r  0 
With  E  (t)  available,  we  aim  to  synthesize  an  excitation  signal,  E  (t), 

0  p 

with  a  duration  of  Tg  in  such  a  way  that  when  E  (t)  convolves  with  E  (t),  it 

o 

will  produce  a  single-mode  output  signal,  E  (x).  Mathematically,  it  means 
0  rT, 

E  (x)  =  I  Ee(t)  Er(x-t)dt  =  single-mode  (2) 

o 

We  will  assign  a  desired  natural  mode  for  E°(x)  and  an  appropriate  signal  dura 
tion  Tg  for  Ee(t),  and  then  proceed  to  determine  Ee(t)  from  eq.  (2).  Substi¬ 
tuting  eq.  (1)  in  eq.  (2)  gives 

n  f  Te  N  o  (x-t) 

E  (t)  -  I  Ee(t)  [£  an(e)  e  cos(«n(T-t)  +  ♦  (e))]  U(x-t)dt 

°  n='  (3) 


I 
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Because  of  the  step  function  U(T-t),  E°(t)  has  different  expressions  for  the 

late-time  period  (of  the  output  signal)  of  t  >  Tg  and  the  early-time  period 

of  t  <  T  . 
e 


For  t  >  Tg  (late-time). 


E°(t)  =  f  Ee(t)  IE  a  (e)  e  *  cos(w  (x-t)  +  ♦  (e))]dt 
Jo  .  n=l  "  "  " 


ax 


=n‘|1  an(0)  e  n  CAP  cos(wnT  +  4>n(e) )  +  Bn  sin(o)nr  +  4>n(0))]  (4) 


where 


/e  o  “°nT 

Ee(t)  e  cos  a>nt  dt 
B„  -j'e  Ee(t) 


“an*  sin  tant  dt 
e  n 


(5) 

(6) 


Based  on  eqs.  (4)  to  (6),  we  can  synthesize  an  Ee(t)  in  such  a  way  that  all 

the  coefficients  A  and  B„  vanish  except  A.  or  B-.  If  so,  the  output  signal 
n  n  j  j 

E°(t)  will  contain  only  the  jth  natural  mode.  This  kind  of  synthesis  can  not 
be  performed  for  the  early-time  period  of  x  <  Tg  as  explained  below. 

For  x  <  Tg  (late-time), 

cos(o)  (t-t)  +  4>n(e))]dt 


E°(0  =  f  Ec(t)  [£.  a  (e)  e 
Jo  n=l  n 


where  the  upper  limit  of  the  integration  is  changed  from  to  t  because  of 
U(x-t)  function  in  eq.  (3).  We  then  have 

_  N  0  X 

E°(t)  =E  an(e)  e  n  [An(x)  cos(a)nx  +  <#>n( e))+  Bn(x)  sin(wnx  +  <j»n(e))] 
n=l  (7) 

where 


/x  -at 

Ee(t)  e  cos  u>nt  dt 
o 


(8) 
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-at 

Bn(t)  =  JQ  Ee(t)  e  n  sin  V  dt  (9) 

Since  An(x)  and  Bn(t)  are  now  functions  of  time.  It  Is  not  possible  to  synthe¬ 
size  an  Ee(t)  which  can  make  those  A^t)  and  Bn(t)  vanish.  Therefore,  It  Is 
not  possible  to  synthesize  an  excitation  signal  to  excite  a  single-mode  out¬ 
put  signal  in  the  early-time  period  of  the  output  signal. 

The  next  task  is  to  synthesize  the  Ee(t)  for  the  single-mode  excitation. 
There  seems  to  be  various  ways  to  synthesize  the  Ee(t),  one  of  the  ways  is  to 
construct  E  (t)  with  a  linear  combination  of  the  natural  modes  of  the  target 
(assuming  the  natural  modes  of  the  target  are  known).  That  is 
N  at 

Ee(t)  =£  e  (bm  cos  a>mt  +  cm  sin  u>m t )  (10) 

n=l 

for  0  <  t  <  T^ 

—  —  e 


where  a  +  ju>m  =  sm  is  the  mth  natural  complex  frequency,  b„  and  e  are  unknown 
Hirnm  mm 

coefficients  to  be  determined,  and  Ee(t)  *  0  outside  the  time  domain  of 

0  c  t  <  T  . 

—  —  e 

The  substitution  of  eq.  (10)  in  eqs.  (5)  and  (6)  leads  to 


where 


N  i  ^2 

£  M  b  +  £  M  e 
n  nm  m  ^  nm  m 


m=l 


N 


B  =  £  Mj  b  +  r  KZ  c 
n  m=1  nm  m  m=1  nm  m 


(ID 

(12) 


f  \ 

Mnm 

* 

< 

COS 

“n* 

cos 

U>  t 

m 

.  fTe 

cos 

<U  t 

n 

sin 

m 

"nm 

h 

sin 

tot 

n 

cos 

w  t 
m 

•c 

sin 

0)  t 

n 

sin 

“m* 

<  > 

* 

4 

dt 


(13) 
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Equations  (11)  and  (12)  can  be  written  into  a  matrix  form  as 


t  \ 

f  M  1 

2 

A 

M 

n 

nm 

nm 

B 

= 

M  3 

m! 

n 

k  / 

nm 

nm 

'm 


or 


r  'n 

M  1 

-1 

*  ' 

b 

M  2 

m 

nm 

nm 

n 

c 

= 

M  3 

M  l 

B 

m 

nm 

nm 

n 

* 

4 

k  4 

(14) 


(15) 


To  synthesize  an  Ee(t)  for  the  jth  mode  excitation,  we  specify  that 

A-  =  1  or  B-  =  1  and  let  all  other  A„  and  go  to  zero  in  eq.  (15).  The  un- 
j  j  n  n 

known  coefficients  b,  and  c  can  then  be  obtained  immediately  from  eq.  (15), 

mm 

and  the  required  excitation  signal  Ee(t)  for  the  jth  mode  excitation  is  con¬ 
structed  based  on  eq.  (10). 


5.  K-Pulse 

We  have  recently  initiated  a  study  on  the  synthesis  of  an  aspect- independent, 

excitation  signal  which  will  excite  a  target  in  such  a  way  that  it  produces  a 

return  signal  with  zero  late-time  response.  This  signal  was  called  Kill-pulse 

or  K-pulse  by  Kennaugh  [3]  and  initially  studied  by  him.  We  aim  to  synthesize 

the  K-pulse  based  on  a  similar  approach  we  have  been  using.  This  approach  is 

a  modified  version  of  that  given  in  Section  4  and  it  is  entirely  different 

from  the  method  used  by  Kennaugh  [3], 

A  K-pulse,  E®(t),  by  definition,  will  produce  an  output  signal  E°(t) 

which  goes  to  zero  after  t  >  T  .  That  is  to  demand  that  all  An  and  Bn  go  to 

zero.  Under  this  condition  and  based  on  eq.  (14)  of  Section  4,  it  is  obvious 

that  non-trivial  solutions  for  bm  and  c  exist  only  where  the  [M]  matrix  be- 

m  m 

comes  singular,  or  the  determinant  |M|  vanishes.  Since  the  elements  of  [M] 
matrix  as  given  in  eq.  (13)  of  Section  4  are  functions  of  the  pulse  duration 


■  ■  4%  ** 
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Tg,  an  effort  was  made  to  search  numerically  possible  values  for  Tg  which 
make  [M]  matrix  singular.  It  was  concluded  that  no  such  Te  exists  with  the 
matrix  elements  given  in  eq.  (13).  That  implies  that  no  K-pulse  can  be  con¬ 
structed  with  a  linear  combination  of  natural  modes  as  expressed  in  eq.  (10). 
However,  if  other  basis  functions,  other  than  the  natural  modes,  are  used  to 
construct  a  K-pulse,  we  may  be  able  to  find  some  optimum  Te's  which  will  make 
[M]  matrix  singular.  Indeed  this  is  the  case  when  pulse  functions  are  used 
to  construct  the  K-pulse. 

For  example,  let 


Ek<«  -  X,  <•.  pm(t) 


where 

1  for  (m-1)  AT  <  t  <  mAT 
Pm(t)  =  o  otherwise 

AT  =  Te/2N 

and  dm  is  the  unknown  coefficient  associated  with  Pm(t)  and  to  be  determined 
based  on  the  definition  of  the  K-pulse.  When  E®(t)  of  eq.  (16)  is  convolved 
with  the  radar  return  of  eq.  (1)  of  Section  4,  the  output  signal  in  the  late¬ 


time  period  becomes 


E°(t)  =  f  E®(t)  [£  a  (e)  e°n(T  ^cosUJt-t)  +  *n(e))]dt 
J  o  K  n=l  n 

=^1  an(e)  e  n  [A^  cos((i>nt+  $n(e))  +  b[J  sinfuy  +  4>n(e))] 


where 


ir  r  e  „  -o_  t 

V  =  J0  e  cos  “n*  dt 

k  rT«  a  -art 

}n  J  Ek{t)  e  sin  “nt  dt 


Substituting  eq.  (16)  in  eqs.  (18)  and  (19),  we  have 


k  2N 

An  =  l 

n  m=l 
k  2N 

Bn  =  I 

n  m=l 


d  M  c 
m  nm 


d  M  l 
m  nm 


(20) 

(21) 


where 


r  mAT  -at 

=  /  e  n 

’  COS  art  ' 

n 

M  S 

J  (m-l)AT 

sin  m  t 

nm 

L  n 

dt 


Eqs.  (20)  and  (21)  can  be  written  in  a  matrix  form  as 


(22) 


r  k  ) 
ak 

f  * 

M  C 

< 

n 

= 

nm 

d 

CO 

7*r 

M  S 

m 

n 

nm 

i  J 

k  , 

(23) 


where  n  =  1,  2,  — -  N,  and  m  =  1 ,  2,  —  2N.  The  matrix 


Mnm 

tMnm 


is  a  square 


matrix  which  elements  are  quite  different  from  that  of  [M]  matrix  appeared  in 
eqs.  (14)  and  (15)  of  Section  4. 

If  E?(t)  is  a  K-pulse,  all  and  B**  should  vanish.  Now  for  E^(t)  to 

K  pH  K 


exist,  there  should  be  non-trivial  solutions  for  dm 


singular 


nm 

1  s 
mn 


That  is  to  have  a 
matrix.  Since  the  elements  of  this  matrix  are  also  functions 


of  the  pulse  duration  T  ,  a  numerical  search  for  optimum  Tg's  which  make  the 
matrix  singular  was  conducted.  The  first  two  optimum  values  for  Tg  were 
found  to  be 

Te  =  2.15  (L/c)  and  4.12  (L/c) 

Once  the  optimum  T  is  found,  the  elements  of  the  matrix,  Mj:  and  are 
e  nm  nm 

easily  calculated.  After  that  the  values  of  dm  are  determined  from  a  set  of 

m 

k  k 

homogeneous  simultaneous  equations  represented  by  eq.  (23)  when  Ap  and  Bn 


are  set  to  zero. 
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A  numerical  example  is  given  in  Fig.  13  where  the  K-pulse  for  a  thin 
wire  with  (L/a  =  200,  L  =  length,  a  =  radius)  and  Tg  =  2.15  (L/c)  is  shown. 
Only  the  first  ten  natural  modes  of  the  target  were  considered.  This  K- 
pulse  is  compared  with  Kennaugh's  K-pulse  in  the  same  figure.  These  two 
K-pulses  are  very  similar  with  a  main  difference  that  our  K-pulse  has  a 
finite  pulse  duration  of  2.15  (L/c)  while  Kennaugh's  K-pulse  has  a  tail  part 
of  infinite  duration. 

Another  approach  to  synthesize  a  K-pulse  is  given  below.  Suppose  we 
construct  the  K-pulse  with  a  linear  combination  of  natural  modes  of  the  tar¬ 
get  and  a  properly  chosen  function: 

Efcft)  -  J,  e  <’"'t  (bm  c“  “m1  +  cm  sin  V>  +  K(t>  (24> 


The  first  part  of  the  r.h.s.  of  eq.  (24)  represents  the  sum  of  natural  modes 
with  unknown  coefficients  bm  and  cm-  The  K(t)  function  in  the  r.h.s.  of  eq. 
(24)  is  a  properly  chosen  function. 

k  k 

If  eq.  (24)  is  substituted  in  eqs.  (18)  and  (19),  An  and  Bn  become 


k  N 
A„  =  L 
n  m=l 


N 


1  ”9  r 

H  b  +  £  M  c  +  K  C 
nm  m  ^  nm  m  n 


.  N  o  N  4 

B*  =  l  Kt  bm  +  L  Kl  c_  +  K_s 


m 


_ 1  nm  rn  uj~  |  nm  m 


n 


(25) 

(26) 


12  3  4 

where  Mnm>  Mnm,  and  Mn^  are  the  same  matrix  elements  as  that  given  in  eq. 


nm 


(13)  of  Section  4.  Knc  and  Kns  are  newly  defined  as 


t - 

o 

c 

r  T  -fl  t 

f  .  ^ 

COS  u)„t 
n 

K  S 

=  f  e  K(t)  e  n 

sin  <j„t 

n 

V  / 

0 

l  n 

dt 


(27) 
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Eqs.  (25)  and  (26)  can  be  combined  to  be 
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nm 
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m 

+ 

n 

Bk 

M  3 

M  4 
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»  <> 
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(28) 
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For  a  K-pulse,  An  and  Bn  are  zero.  That  is 


or 
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nm 
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n 

M  3 

M  4 

c 

K 

s 

nm 

nm 

m 

n 

> 

* 

-i 

y 

b 

M  1 

M  2 

K  C 

m 

nm 

nm 

n 

c 
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>•  / 

(29) 


(30) 


Thus,  the  unknown  coefficients  for  the  natural  modes  needed  to  construct  the 
K-pulse  are  determined  provided  a  proper  K(t)  function  is  assigned. 

For  example,  let's  find  the  K-pulse  for  the  same  thin  wire  target  as  that 
of  fig.  13,  and  assume  that 


K(t)  =  1  for  0  <  t  <  Tg 


Tfi  -  T1  =  2.16  (L/c) 

N  =  10  (first  ten  natural  modes) 
The  K-pulse  can  then  be  expressed  as 


E?(t) 


10 

=  £  e 
m=l 


at 


m 


(b„  cos  u„t  +  c  sin  go  t)  +  1 
m  mm  m 


(31) 


for  0  <_  t  <_  Tg 


The  waveform  of  this  K-pulse  is  shown  in  fig.  14  in  comparison  with 
Kennaugh's  K-pulse.  There  is  a  strong  resembrance  between  these  two  K-pulses. 
The  main  difference  is  that  our  K-pulse  has  a  finite  duration  while  Kennaugh's 
K-pulse  is  of  infinite  duration. 


The  study  on  the  K-pulse  will  be  continued  in  the  future.  We  plan  to 
study  the  convergence  of  the  K-pulse  when  more  natural  modes  are  considered, 
and  the  optimum  pulse  duration. 

6.  Experimental  Setup  for  the  Radar  Waveform  Synthesis  Method 

We  have  made  a  good  progress  in  the  construction  of  the  experimental  set¬ 
up.  A  large  ground  plane  composed  of  nine  4'  x  8’  modules  has  been  constructed. 
A  biconical  transmitting  antenna  with  a  length  of  8  feet  and  a  half-angle  of 
8°  has  been  fabricated.  A  short  monopole  has  been  used  as  the  receiving  probe. 
The  basic  experimental  arrangement  including  relevant  pieces  of  equipment  is 
shown  in  Figure  15.  The  biconial  transmitting  antenna  is  driven  by  a  pulse 
generator  through  a  delay-line.  A  small  portion  of  the  output  of  the  pulse 
generator  is  taken,  through  a  home-made  "takeoff  tee",  and  used  to  trigger 
the  sampling  scope.  The  transmitted  pulse  and  the  scattered  field  from  the 
target  are  received  by  the  short  monopole  probe.  The  received  signal  by  the 
probe  represents  essentially  the  time-derivatives  of  the  transmitted  pulse 
and  the  scattered  field  from  the  target.  This  received  signal  is  fed  to  the 

sampling  scope.  The  receives  signal  from  the  probe  is  also  integrated  by  an 
operational -ampl if ier  to  recover  approximately  the  original  waveforms  of  the 

transmitted  pulse  and  the  scattered  field  from  the  target.  The  received 

signal  from  the  probe  and  the  integrated  result  of  it  can  be  recorded  in  a 

x-y  plotter. 

Some  preliminary  experimental  results  are  shown  in  Figures  16  to  17. 

Figure  16  shows  the  received  signal  by  the  probe  with  and  without  the  pre¬ 
sence  of  a  square  pipe  target.  The  pulse  in  the  left  is  due  to  the  transmitted 
pulse  and  that  in  the  right  is  due  to  the  scattered  field  from  the  target. 

It  is  evident  that  this  received  signal  by  the  probe  represents  the  time- 
derivatives  of  the  transmitted  pulse  and  the  scattered  field  from  the  target. 
Figure  17 shows  the  integrated  result  of  the  received  signal  by  the  probe 
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that  is  shown  in  Figure  16.  This  result  represents  approximately  the  original 
waveforms  of  the  transmitted  pulse  and  the  scattered  field  from  the  target. 

The  experimental  arrangement  and  experimental  results  shown  here  are 
only  preliminary.  We  will  make  efforts  to  improve  the  experimental  system, 
and  solve  some  encountered  problems  which  include  the  clutter,  the  drifting 
of  the  operational -amplifier  and  the  performance  of  the  receiving  probe. 

7.  Future  Plans 

The  following  topics  will  receive  major  attention  in  the  future: 

(1)  Experimental  study. 

(2)  Alternative  scheme  of  producing  the  single-mode 
backscatters  using  a  computer. 

(3)  K-pulse 

(4)  Two  skew  coupled  wires. 

(5)  A  cross-wire  system. 

(6)  An  aircraft  modeled  with  elements  of  cylinders. 

8.  Personnel 

The  following  personnel  have  participated  in  this  research  program. 

j  (1)  Kun-Mu  Chen,  Professor  and  principal  investigator. 

J  (2)  Dennis  P.  Nyquist,  Professor  and  senior  investigator. 

!  (3)  Byron  Drachman,  Associate  Professor  of  mathematics, 

consultant. 

(4)  Che-I  Chuang,  Graduate  Assistant. 

(5)  Lance  Webb,  Graduate  Assistant. 

9.  Publication 

The  results  of  this  research  program  have  been  published  in  the  follow¬ 
ing  papers  or  presented  in  the  following  meetings. 
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fig.  1.  A  thin  vira  la  illuminated  by  a  radar 
signal  at  an  obllqua  angle. 


Required  waveforms  for  the  incident  radar  signal  to  excite  a  return 
radar  signal  from  an  arbitrarily  oriented  wire  containing  only  the 
first,  the  second  and  the  third  natural  mode,  respectively. 


Relative  Amplitude 
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fig.  3.  Return  radar  algnals  from  a  wire  oriented  at  various  angles, 

0"15°,  45°,  60°  and  89°,  when  it  is  illuminated  by  the  incident 
radar  aignal  which  is  synthesized  for  the  first  mode  excitation. 
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fig.  4  Return  radar  signals  from  three  targets,  the  right  target  (wire),  a 
wire  5X  longer  than  the  right  target  and  a  wire  20X  longer,  when 
they  are  illuminated  at  30°  aspect  angle  by  the  incident  radar 
signal  which  is  synthesised  for  exciting  the  first  natural  mode  of 
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fig.  6  The  required  incident  signal  for  exciting  the  first 

natural  aode  of  a  sphere,  and  the  return  signal  which 
contains  only  the  first  natural  mode. 


Required  Incident  Signel  for 
the  Third-Node  Excitation 
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fig.  8  The  return  signals  from  ths  right  sphere  and  a  wrong  sphere  which 
radius  is  102  sasller  than  that  of  the  right  sphere  when  they  are 
illuminated  by  the  incident  signal  aynthealsed  to  excite  the 
third  natural  mode  of  the  right  sphere. 
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Output  signal  produced  by  convolutlng  the  bistatic  response  of  the 
sphere  with  the  required  radar  signals  for  the  first-mode  excitation 
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Fig.  15  Basic  experimental  arrangement  for  measuring  the  scattered 
fields  from  radar  targets. 


Received  signals  by  a  short  monopole  probe  with  and  without 
the  presence  of  a  square  pipe  target. 


Integrated  results  of  the  signals  received  by  the  probe  as  that 
shown  in  fig.  14. 


